Abstract: Carbon nanofibers (CNFs) were modified via plasma polymerization using methyl methacrylate (MMA) as monomer and used as reinforcements for polymethyl methacrylate (PMMA). Conditions of the MMA plasma process in a specially designed reactor and plasma-polymerized methyl methacrylate (PPMMA) films were studied. The study involved varying the process time at a constant plasma power of 100 W and a constant MMA flow rate (0.15 cm 3 per min). Nanocomposites of PPMMA-coated CNFs and PMMA were prepared with 0.5, 1.0, 2.0, 4.0 and 8.0 %wt of treated CNFs. The effect of the MMA plasma on the CNFs was analyzed. Dispersion of the modified CNFs was evaluated in several solvents. The results confirmed a change in hydrophobicity of the treated CNFs. The inclusion of treated CNFs exhibited substantial impact on the properties of the PMMA/CNF nanocomposites. The thermal and mechanical properties of the PMMA/CNF composites were examined. It was found that the thermal stability increased by about 8% and the Young´s modulus significantly enhanced by as much as 178% when compared to PMMA with no CNFs.
Introduction
CNFs have been used as reinforcements in polymers and other matrices to produce nancomposite materials because of their unique physical properties such as high strength, low density, metallic conductivity, tunable morphology, chemical and environmental stabilities, as well as compatibility with organochemical modification 1-5 . Other reinforcement particles for nancomposites are nanoclays, carbon nanotubes, glass nanofibers, nanoplatelets, etc. Although the physical properties and performance of nanocomposites can be improved by the addition of reinforcement nanoparticles, their experimental strength values are still lower than the theoretical predictions because of the compatibility problem with severe aggregation and poor interfacial bonding of the nanoparticles with the polymer matrix. In order to develop nanocomposites with excellent mechanical and thermal properties, strong interfacial bonding between reinforcement and matrix, and uniform dispersion of the nanoparticles are necessary.
A great effort has been dedicated to studying the effect of modifying with specific functional groups, either the nanoparticles 6-9 or the polymer matrix 10-11 in order to attain a much better compatibility between them. Contamination, poor solubility, and chemical inertness of carbon nanostructures have been a big obstacle to their use in applications of composite materials. One of the methods that can be used to modify nanoparticles is plasma polymerization. Such a surface modification can be achieved by depositing the thin polymer film of the order of a few nanometers on the nanoparticle surfaces. Plasma polymerization is a relatively simple, rapid and dry method that has been used to change the surface chemistry of different materials. The technique was originally implemented to modify the surface of polymers, 12-13 but in the last few years has been also used for plasma treatment of nanoparticles, such as zinc, iron, and aluminum oxide nanoparticles, nanoclays, and carbon nanofibers and nanotubes 14-18 . The main principle of plasma polymerization technique is that the ionized and excited molecules and radicals created by the electrical field bombard and react with the surface of the substrate. These activated molecules may etch, sputter, or deposit on the substrate surface. As a result, the surface properties of substrates are modified but the substrate may be weakened. The mechanism of plasma polymerization tends to be a radical polymerization process 19-20 , especially when the plasma power is high and an ionic polymerization process when the power is low. 21
This aim of this study is to evaluate the effect of the plasma reactor conditions on the surface modification of the CNFs by plasma polymerization of MMA and the effect of this modification on thermal and mechanical performances of PMMA/CNF composites. Figure 1 displays the SEM micrographs of uncoated and coated CNFs. The surface of the uncoated CNFs is very smooth and homogeneous with some nanotube-like fibers but most of them appear to be fibers of different diameters and sizes. Nanofibers are often called nanotubes as they can display similar morphology to multi-walled carbon nanotubes (MWCNTs); however, their physical and chemical properties are quite different. The surface of the coated CNF is rough and some b a small particle-like granules could be seen on the surface. The roughness observed could be due to two things: one is clearly confirming PMMA has been deposited on the surface and the other is the fact that some high-energetic species of plasma might have caused some minor sputtering to take place leaving the surface with certain level of roughness at the treatment power of 100 W for 30 min. Ramos-de Valle et al. 22 had shown in their work that the treatment of 50 W for 30 min hardly resulted in crosslinking of polystyrene polymers on the CNF surface. But at higher power (like 100 W), they showed that crosslinking was observed due to increased density of energetic electrons, which could also result in minor sputtering, as is our case.
Results and discussion

Morphology by SEM
FTIR Analysis
FTIR was used to further investigate the surface structure of the films on CNFs. The spectra of untreated and treated CNFs at different times at 100 W are shown in Figure 2 . The spectra exhibit several very strong peaks (at the 60 and 120 min) at 1463,1760 and 2856/2926 cm -1 which result from the vibrating absorptions of C-H, carboxyl groups (C=O) from the -COOCH 3 and the CHn groups, respectively. These peaks confirm that the plasma polymer structure contain PMMA. The spectrum (Figure 2b ) at 15 min treatment appears to be similar to the control ( Figure 2a ; with no treatment). This could imply a small amount of PMMA has just been deposited on the CNFs at this short time with the small appearance of the C-H group at 2921 cm 
Dispersion Test in acetone, chloroform and water
Dispersion tests do not give a quantification of the degree of PPMMA but they do give a fair idea whether the modification on the CNFs has been achieved or not. Figure 3 presents a photograph of two vials containing the untreated and treated CNFs dispersed in acetone. The results clearly show that the untreated CNFs sediment almost immediately, whereas the plasma treated ones (for 60 min at 100 W), remain fairly dispersed after standing for 24 h. Acetone is a solvent that can dissolve PMMA up to a certain extent. In this dispersion test with acetone, it clearly indicates the existence of the PMMA deposition on the surfaces of CNFs. The results of the dispersion test of the untreated and treated CNFs in chloroform is presented in Figure 4 . These results are very similar the dispersion test with acetone in that the untreated CNFs sediment almost immediately to the bottom of the vial while the treated CNFs remain in dispersion for more than 24 h (Figure 4b ) suggesting a strong interaction between chloroform and the treated CNFs and the existence of the PMMA on their surfaces. Figure 5 presents a photograph of two vials containing the untreated and treated CNFs dispersed in water. The unmodified CNFs are highly hydrophobic and for this reason they remain on the surface of the high polarity water. PMMA-coated CNFs are also hydrophobic, hence, the dispersion for both treated and untreated CNFs is nil in high polarity solvents, like water. Ramos-deValle et al. 22 also reported similar dispersion behavior for polysytrene(PS)-treated CNFs in solvents like water, chloroform and acetone. Figure 6 and summarized in Table 1 .
The onset degradation temperature (at 10 % weight loss) results in Table 1 show that PMMA by itself has an onset degradation temperature of 320.6 C and is increased to 325.4 C when it is reinforced with untreated CNFs in the PMMA/CNF composite. However, when it is reinforced with treated CNFs, the onset degradation temperature or its thermal stability is improved by as much as about 8% with modified CNFs for 120 min (onset temperature = 350.5 C) versus with untreated CNFs. 350.5 C Figure 7 shows the TGA first derivative curves of PMMA/CNF composites with untreated and treated CNFs. These curves reveal an interesting observation of the nanocomposite with untreated CNFs showing a curve with two well-defined peaks while others have the normalized curves. These two peaks could be indicative that there was not a good dispersion of the untreated CNFs in the PMMA matrix. Another observation is the curves of PMMA/CNF (with CNF at 30 and 120 min treatment) composites are very narrow as compared with the curves for composites with untreated and treated CNFs at 15 min. The former curves have base widths of 320 to 440 C, a difference of 120 C and the latter curves have width from 280 to 440 C, a difference of 160 C. The fact that nanocomposites with treated CNFs at 30 and 120 min presenting narrow curves could also be indicative of a good dispersion or a good interaction between the two phases. The modified CNFs not only improve the thermal properties of the polymer, but also decrease the range of temperatures of degradation of the material. 
Young´s Modulus of PMMA/CNF Composites
The incorporation of filler in a thermoplastic polymer usually results in an increase of the elastic modulus, especially if there is good interaction and good dispersion of the particles with the polymeric matrix. The Young´s modulus for PMMA and its composites with different treated CNF concentrations are presented in Table 2 . The results show that the Young's modulus increases with the corresponding increase of the untreated and treated CNFs content. With untreated CNFs, the Young´s modulus increases by 62.5% at 8.0%wt content of CNFs when compared with the PMMA containing no CNFs. More significant increases are seen with treated CNFs (at 15 and 30 min) where the increases are 93% and 178%, respectively, at 8 %wt content. However, an interesting observation is seen for the Young´s modulus of the PMMA/CNF composites with treated CNFs at 120 min. Their results are quite similar to those of the PMMA/CNF composites with untreated CNFs. A theory could be proposed as to why this could have happened. When the CNFs were exposed to plasma for long periods of time, like 120 min, the nanoparticles had expectedly undergone a higher level of chemical modification, but at the same time, they were also being exposed to high-energy species at an extended period of time which could easily weaken them by hitting and damaging their surfaces, thus, yielding similar Young´s modulus results to those of the PMMA/CNF composites with untreated 
Conclusions
An ultrathin film of polymer was deposited on the surface of CNF by means of the PPMMA process. This polymer had functional groups typical to PMMA as confirmed by FTIR. The chemical structure PMMA was more defined at longer polymerization times (60 min or more). The modified CNFs showed very good dispersion with low polarity solvents like acetone and chloroform, but demonstrated poor dispersion with high polarity solvents. The dispersion results confirmed a change in hydrophobicity of the treated CNFs.
TGA first derivative curves seemed to show that treated CNFs enhanced good dispersion in the PMMA/CNF composites. The thermal stability of the PMMA/CNF nanocomposites with treated CNFs increased significantly with the treatment time of CNFs. This is of great importance in applications where PMMA/CNF nanocomposite is to be exposed to high temperatures.
The Young's modulus of the PMMA/CNF nanocomposites increased with the increasing concentration of treated CNFs. However, to achieve the best Young´s modulus result, CNFs must not be treated more than 30 min. At 8 %wt of treated CNFs in the composite, the Young´s modulus could increase an incredible 178% when compared to the PMMA without any treated CNFs. This is of great importance for applications requiring a greater modulus, and may open an opportunity for nanocomposites based in commodity plastics in some demanding engineering applications, such as automotive or aeronautical industry.
Experimental part
Materials
The polymethylmethacrylate (Plexiglas V-OH2) was supplied by Marubeni (México). The CNFs were from Applied Sciences, Inc., designated as Pyrograf III-PR-19 and were 80-200 nm in diameter and 0.5-20 µm in length, with a density of 0.06-0.08 g/cm 3 and a surface area of 35 m 2 /g. The MMA monomer used to modify the CNFs was supplied by Aldrich Inc. (Germany) and had a 99 % of purity. The two solvents, acetone (99 %) and chloroform (99.9 %), were both from Aldrich.
Methodology
The surfaces of CNFs were coated with an ultrathin deposit of PMMA as MMA monomer was being polymerized in the plasma reactor in the vapor phase. Figure 8 provides a schematic diagram of the plasma reactor (designed by the authors) employed for the plasma polymerization described in this work. It consisted of four main parts: the reaction chamber consisting of a 500 mL Pyrex glass flask, an electrical excitation system for generating plasma consisting of a power controller coupled to a radiofrequency generator of 13.56 MHz, a MMA monomer gas delivery system, and a vacuum system.
A magnetic stirrer of the heating device was used to agitate the content of the reaction chamber or reactor while the heater itself was not used in order to achieve a homogeneous PMMA coating on the CNFs. A copper wire, acting as an electrode, was coiled around the glass flask with one end connected to the rf generator (Advance Energy RFX600). To carry out the vapor phase polymerization of PMMA, 5.0 g of CNFs were placed inside the reactor and put under vacuum to achieve an internal pressure of 0.3 Pa. The MMA monomer was introduced into the reactor at a constant pressure of 2.5 Pa. This pressure gave a constant monomer flow of 0.15 cm3 per min into the reactor. The CNFs were treated four different times (15, 30, 60 and 120 min), with a plasma power of 100 W. 
Preparation of the nanocomposites
The PMMA/CNF nanocomposites were prepared in solution by mixing the CNFs with PMMA in the presence of acetone. The solution method was preferred for its better and 150 mL of acetone were mixed together in a 250 mL glass flask. The flask was then placed inside an ultrasound bath (model VWR 501), sonicated for 30 min at 60 C to achieve a uniform dispersion. After each sonication, the polymeric solution was poured into an aluminum tray to evaporate the solvent completely at room temperature, leaving a dry film of PMMA/CNF composite. The nanocomposite films were ground and compression molded in a hydraulic press (Drake model 44888) to obtain 150x150x3 mm 3 plates for mechanical essays. The dimensions of test specimens were 12 x 1 x 0.5 mm, prepared according to ASTM D 822-02.
Characterization
A Jeol JSM7401F Scanning Electron Microscope (SEM) was used to analyze the morphology of untreated and treated CNFs using electron beam energy of 15 keV. Two samples were used for each case.
FTIR (NICOLET Magna 550) was used to characterize the PMMA coatings on CNFs. To carry this characterization, samples were mixed with potassium bromide (KBr) in order to prepare KBr disks of 0.5 cm in diameter and 0.05 cm in thickness. The KBr disks were dried in vacuum for 10 hours to completely remove any trace of water. The spectra were obtained at 50 scans and resolution of 4 cm -1 . Two test specimens were used for each case.
The unmodified and modified CNFs were tested for dispersion in three solvents with different polarity indexes: water, acetone and chloroform with relative polarities of 1.000, 0.355 and 0.259, respectively; 3 mg each of the CNF samples were immersed into 10 mL of solvent and agitated. After standing for 24 h, photographs were taken to evaluate the degree of dispersion.
Tensile properties were measured in an Instron Tensile Tester 4301 machine at a speed of 5 mm/min, the distance between the clams was 100 mm. All tests were performed in accordance to ASTM D822. Five specimens were essayed in each case and their average taken for each data point. 
